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Abstract—The benefits resulting from the inclusion of ferrite in
material loaded antennas are investigated, initially through the use
of a spherical analytic model and then through a transmission line
matrix simulation tool applied to a rectangular slab geometry. It
is observed that a material with equality of relative permittivity
and permeability in combination with specific positioning of the
antenna in relation to the head, can result in the definitive small-
size, high efficiency and bandwidth, low specific absorption rate
(SAR) antenna. The accuracy of the simulations is validated both
through efficiency and SAR measurements of three material coated
monopole samples. Further research into optimizing the above at-
tributes and translating them into a handset antenna leads to a
multiband antenna design covering the GSM 1800, 1900, UMTS
and Bluetooth bands, with a SAR value reduced by 88% compared
to conventional phones and an efficiency of 38% at 1.8 GHz. A
tri-band antenna design is also presented, utilizing currently avail-
able lossy ferrite material and it is considered as the first step to-
wards the feasibility of the ultimate low SAR multiband ferrite
handset antenna, until further material development specifically
for antenna applications takes place.
Index Terms—Ferrite loaded antennas, multiband, specific ab-
sorption rate (SAR), wireless handset.
It is with sadness we report Prof. James (73) passed away
on July 24, 2006, following an illness. He was a force to be
reckoned with, he was world renowned for his academic work
and had great respect for and from the scientific establishment.
He will remain an important figure in his scientific field of
work for years to come, a fine scientist of the old school
who will be very sadly missed by colleagues and not least
of all by his family. Devoted husband, family man, father,
and grandfather, Prof. James was an immense contributor to
the engineering community and a highly valued colleague at
Loughborough University. He will be greatly missed.
I. INTRODUCTION
THE use of material loading to reduce the electrical size ofwire monopoles and other antennas is well known [1], [2]
and was previously regarded as a technique reserved for a few
specialized applications. The antenna size constraints imposed
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by mobile handset requirements and the availability of new di-
electric materials has created much interest in dielectric loaded
antennas [3], [4]. Tuning stability and good isolation from the
handset and the human operator are cited as important features
of dielectric loading which may enable a stand-alone ceramic
chip antenna to be finally realized in practice over all the oper-
ating bands. There is also some expectation that somewhat less
power is dissipated in the operator’s head but the orientation of
the dielectric antenna with respect to the head and the position
of the antenna inside the handset in relation to the electronics is
likely to remain the major influence on the specific absorption
rate (SAR).
The use of ferrite material loading has previously been inves-
tigated [5], [6] but it is only recently that the merits of equalizing
the material relative permittivity and permeability values have
been reported [7]–[9]. The benefits include increased bandwidth
(BW) and radiation efficiency . The influence of magnetic
material on dielectric resonator antennas has also been investi-
gated [10]. A previous study [11] used a very lossy ferrite sheet
attachment on the handset case to reduce SAR. Realizing fer-
rite material as a metamaterial has been considered [12]. How-
ever for handset compacted antenna applications the metama-
terial heterogeneity and obtaining a small enough cell size are
apparent difficulties with this concept.
In this present research the above-established material
loading techniques were brought together to create a multiband
low SAR handset antenna. The continued reduction in the
SAR is of interest to both manufacturers and users and is
the central theme in this present research. The present paper
commences with the analysis of generic spherical shaped
loaded monopoles and their extension to more realistic shapes.
Optimal bandwidth, radiation efficiency and SAR properties
are demonstrated by simulation using Flomerics’ microstripes
transmission line matrix (TLM) method and measurements.
In particular, the influence of the choice of materials and the
antenna excitation process on the near-fields and hence SAR,
are considered. Retention of the antenna performance when
embedded in a typical handset ground plane has received much
attention in the present research and simulated results are
included making available many design options to achieve the
multiband low SAR operation. These are described in detail
and final design recommendations are presented.
II. FUNDAMENTAL DESIGN ASPECTS
A. Generic Spherical Model
The antenna performance advantages of using a ferrite
loading material are shown analytically by the following
spherical model with infinitesimally small Hertzian excitation
0018-926X/$25.00 © 2007 IEEE
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sources. The spherical volume of material has the following
relative permeability, relative permittivity and loss tangents:
(1)
The sphere of radius a is excited at the origin O by ei-
ther a magnetic (TE) or an electric (TM) multipole source
having time dependence. The fields are expressed
as , where ,
, are spherical coordinates,
are Associated Legendre functions and R(r) is either
a spherical Bessel function of the first kind or of the third
kind . On invoking continuity of the tangential fields at
for each (nm)th eigenfunction, the fields for have
an amplitude governed by
(2)
where denotes differentiation of with respect to ,
is the (nm)th source amplitude, , ,
, ,
and
(3)
When the sphere is electrically small the low order
and resonator modes are narrow band and the dielec-
tric resonator antenna (DRA) fields can be represented by the
mode alone where relates to the sphere electrical
size. In this present paper we are interested in the dipole-like
far-fields of the and modes corresponding to
magnetic and electric dipole excitation sources respectively, as
realized in practice by a small wire loop or dipole wire probe.
In the presence of a conductive ground plane the mode
is excited by a monopole probe but the mode is not com-
patible with the ground plane boundary conditions. A small slot
in the ground plane will however excite the mode which
is the mode with a 90 rotation of axis.
The complex roots of the denominator of (2) for the
and modes are respectively and
. The antenna Q factors are then given by
(4)
and relate to the energy lost to radiation. The reciprocal of Q is a
useful measure [10] of the antenna impedance bandwidth when
a finite size loop or probe is the excitation source. Losses in the
Fig. 1. Theoretical radiation performance of spherical material coated antenna,
radius 20 mm, with central Hertzian electric or magnetic dipole excitation
showing variation with K and losses; tan  = tan  = tand. (a) Q factor
and efficiency  and (b) resonant frequency f and f .
material, lower the Q values to and and the antenna
radiation efficiencies and are respectively given by
(5)
The antenna resonant frequencies and are derived from
the real part of the complex roots as
(6)
Examination of (1)to (6) indicates that for moderate material
losses the radiation is enhanced when is of comparable value
to . This important property is illustrated in Fig. 1(a) for both
the and modes, with and constant
product of 36. According to the definition of K in (3), Fig. 1
represent either the mode when or the
when , corresponding to Hertzian electric and magnetic
dipole excitation sources respectively. Note that the small losses
allow K to be taken as or for ease of presentation. For both
modes, the minimum Q and hence maximum BW occurs when
; this holds over a wide range of material loss
values. In the lossless case both modes have the same Q values.
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It should be noted that (3) has symmetry in and so
each loss affects the antenna performance to the same extent.
The ratio has an influence on the resonant frequency but
the latter is relatively insensitive to the level of material loss as
shown in Fig. 1(b).
A similar resonant frequency insensitivity is observed when
the sphere is immersed in a lossy media thus supporting the
claims, noted above, that material loaded antennas are less af-
fected by their environment. Fig. 1(a) gives the and Q plots,
showing that maximum radiation is released when .
From a physical standpoint it would seem for the spherical ge-
ometry at least, that equality of and provides the best
impedance match at the air/material interface. The greatest elec-
trical size reduction however does not correspond to the latter
condition and from the resonant frequency plot in Fig. 1(b) is
seen to occur for the mode, when and
; for this condition the spherical surface is approxi-
mately an electric wall and the nature of the antenna external
near field is predominantly electric [13]. The boundary condi-
tions on the sphere are thus compatible with the electric exci-
tation source [10]. Conversely for the mode, minimum
electrical size occurs when and ; for
this condition the spherical surface is approximately a mag-
netic wall, the nature of the external antenna near field is pre-
dominantly magnetic [13] and the boundary conditions on the
sphere are thus compatible with the magnetic excitation source
[10]. The boundary conditions are incompatible for other com-
binations of excitation sources and material composition and no
clear distinction can be made regarding the nature of the antenna
near fields.
Another interesting property is that the resonant frequencies
of the and modes [Fig. 1(b)] converge to the same
frequency at . This could be of practical use in
the design of circularly polarized material loaded antennas [14],
given the appropriate combined electric and magnetic dipole
excitation with quadrature phase. From the examination of a few
higher modes it would appear that the above properties hold for
all higher modes in this spherical geometry.
B. Rectangular Block-Shaped Antenna
Practical loaded dipole antennas are very likely to depart from
spherical geometry and also the dipole excitation may be offset
from the origin , usually to adjust the input impedance match
to the antenna. The effect of offsetting the excitation in a spher-
ical shaped loaded antenna is to excite both TE and TM modes,
as may be deduced from translation addition theorems for spher-
ical vector wavefunctions [15]. In practice the effect is to detune
and generate cross-polarization; an example for a hemispherical
loaded monopole probe has previously been given [10]. Like-
wise any departure of the material surface from spherical shape
and/or the inclusion of finite size excitation sources will detune
and generate cross-polarized fields, depending on the extent to
which the spherical surface is deformed and/or source size.
Cylindrical and rectangular surfaces are likely shapes and an
example of the latter is shown in Fig. 2 for a wire dipole TM
excitation; and the antenna dimensions are
.
Fig. 2. Simulated radiation performance of 40  40  40 mm rectangular
material coated antenna with central dipole excitation showing variation with
relative permittivity; dipole radius = 0:5 mm; tan  = tan  = tand.
(a) Efficiency  and bandwidth BW (b) resonant frequency.
Good matching at 1800 MHz was achieved in the simulation
by adjusting the dipole length which varied between 29.5 and
13.5 mm. When and are of similar value the antenna has
maximum BW and Fig. 2(a) over a range of material losses.
The variation of resonant frequency (TM) with indicates max-
imum electrical size reduction when and as
shown in Fig. 2(b). The material volume exceeds that of the
spherical antenna in Fig. 1 and accounts for the lowering of the
resonant frequencies. This resonant action is denoted by
since its behavior relates to that of the spherical mode.
For actual design purposes in the sections that follow it is re-
quired to optimize the antenna at a particular frequency. For this
purpose the antenna match is again optimized by varying the ex-
citation dipole (or monopole) length but the resonant frequency
is held constant at 1800 MHz, thus allowing the product to
vary.
C. Radiation Efficiency Measurements
In this present paper, attention is focused on the rectangular
block mode with monopole excitation because it proved
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TABLE I
MEASURED AND SIMULATED RESONANT FREQUENCY f , S AND
 OF FERRITE ANTENNA SAMPLES IN THE TM MODE
to be most appropriate for the handset installation. Three sam-
ples of hexagonal ferrite material were cut to size and drilled
to accommodate the 0.5 mm radius monopole excitation probe
that was back-fed on a 250 250 mm ground plane. The ra-
diation efficiency of the mode was then measured
using the Wheeler cap method [16], [17]. The cap diameter was
73 mm, which satisfied the radian sphere limitation. Sample 1
had dimensions and a monopole of length
15 mm. The following properties were assessed from measure-
ments: , , and
indicating a high magnetic loss, as confirmed by the measured
and simulated data in Table I. For this sample was also checked
using a transmission system test.
Sample 2 had dimensions cut from MF112
material manufactured by Emerson and Cuming with quoted
properties: , , and
. Although intended for screening purposes, this material
was far less lossy than that in sample 1 and gave a reasonably
high as seen in Table I, using a 12 mm monopole; a 10 dB
BW of 44% was measured at 2.45 GHz.
A 2-mm thick flexible sheet of material intended for use as a
white-board marker, was found to possess magnetic properties
at the lower microwave frequencies. The material was cut into
square pieces and stacked to provide sample 3 with dimensions
. The antenna resonated at 2.43 GHz with a
12 mm monopole probe. The assessed material properties were:
, , and resulting
in a less compact but higher efficiency antenna, as shown in
Table I. It is concluded that the simulations and measurements
are in good agreement considering that the latter have tolerances
of the order 5%.
D. Low SAR Antenna Design
The SAR was simulated using a homogeneous spherical
phantom of radius 75 mm. It has been established [18]–[21]
that the use of a homogeneous spherical phantom gives
worse-case simulation of the peak 10 g SAR compared to an
anatomically accurate heterogeneous phantom head. Computa-
tions times are also much less for the former.
The phantom material parameters chosen were , con-
ductivity and density which
resemble human tissue. The antenna radiating power external
to the antenna was normalized at 125 mW. In all the simula-
tions in this paper the sphere surface was placed 15 mm dis-
Fig. 3. Simulated radiation performance of 30  30  30 mm rectangular
material coated antenna with central dipole excitation showing variation with
relative permittivity; dipole radius = 0:5 mm; tan  = tan  = tand.
(a) SAR for perpendicular and parallel dipole orientation and (b) efficiency 
and bandwidth BW.
tant from the antenna surface of interest. Two antenna orien-
tations with respect to the phantom were investigated: i) the
monopole or dipole axis is parallel to the sphere surface and
the dipole-like broadside beam is directed at the latter, ii) the
monopole or dipole axis is perpendicular to the sphere surface
and the dipole-like far-field pattern null is directed at the latter
resulting in a significant SAR reduction. This is illustrated in
Fig. 3 for a material cube.
The excitation dipole was varied in height from 9 to 20 mm to
maintain tuning at 1800 MHz while and were also varied;
the material losses were constant at and 0.03.
Maximum , BW and SAR occur in the vicinity of for
both orientations but the SAR is greatly reduced and , BW are
increased for perpendicular orientation. The near-fields in the
pattern null contribute relatively more to the SAR, particularly
if they are magnetic dominant with the ability to more easily
penetrate the human body [18], but Fig. 3(a) and other simula-
tions show little or no distinction between the nature of these
near-fields. Sample 1 of Table I was measured in the perpen-
dicular orientation using the SPEAG Dosimetric Assessment
System (DASY 4) [23]. This system comprises of an isotropic
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Fig. 4. Simulated results showing the effect of increasing the height profile of
a 30  30  30 mm rectangular material coated antenna with central dipole
excitation to 20  20  40 mm showing variation with relative permittivity;
dipole radius = 0:5 mm; tan  = tan  = tand. (a) bandwidth BW
(b) efficiency  and SAR (perpendicular orientation).
E-field probe controlled by a 6-axis robotic arm, scanning the
inside of a phantom head with facial features filled with tissue
simulating liquid. A measured 10 g SAR of 0.21 W/kg was mea-
sured compared to a simulated value of 0.3 W/kg.
E. Techniques for Increasing Bandwidth
A higher profile antenna has a reduced separation between the
and modes and this can usefully increase the
bandwidth of the as illustrated in Fig. 4(a) at 1800 MHz.
The antenna was optimized for the widest bandwidth at a
10 dB level by adjusting the monopole length. The 10 dB
bandwidth has increased from a maximum of 7.9% to 12.9% for
and from 13.6% to 25.87% for .
The dimensions of the antennas are: i) low profile block size
was , , ,
, and ii) higher profile block size was ,
, , . In Fig. 4(b) it is
seen that the higher profile antenna has a 3.7% increase in and
a 28% increase in SAR when the dipole source of both antennas
is 30 mm from the surface of the phantom. The perpendicular
orientation again ensures a very low SAR value.
Fig. 5. Layout of simulated handset showing quad-band rectangular material
coated antenna with central dipole excitation mounted on 100 40 mm ground
plane.
Fig. 6. Simulated S characteristic of triband and quadband handset antenna
of Fig. 5; tan  = tan  = 0:03 (triband); tan   0, tan  = 0:06
(quadband).
III. HANDSET ANTENNA DESIGN
A. Quad Band Antenna Design Objectives
Integration into the handset involved two initial constraints:
i) the antenna ferrite block had to be mounted on a 40
100 mm metal ground plane with a 10 mm height
limitation;
ii) for a low SAR the monopole axis had to be directed
perpendicular to the user’s head. The latter constraint
ruled out deployment of the TE modes whose fields
are incompatible with the boundary conditions im-
posed by the ground plane. The design objective
was coverage of the GSM (1710–1880 MHz), GSM
(1850–1990 MHz), UMTS (1920–2170 MHz) and
Bluetooth (2402–2495 MHz) bands with a single ferrite
block. The inclusion of the GSM (900 MHz) band is the
subject of ongoing research at present.
B. Developmental Simulation
A sequence of developmental simulations commenced on a
40 40 mm ground plane, to investigate the options available
for varying the block length to width ratio to optimize and
BW while positioning the , mode frequencies to
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Fig. 7. Simulated radiation patterns of quad-band antenna shown in Fig. 5.
(a) yx plane without head, (b) yz plane without head, (c) yx plane with head,
(d) yz plane with head.
1800 and 2450 MHz, respectively. The third 1900 MHz band
was introduced by the addition of two metal strip rings around
TABLE II
SIMULATED DESIGN PARAMETERS AND PERFORMANCE OF QUAD-BAND
RECTANGULAR MATERIAL COATED ANTENNA OF FIG. 5 WITH
CENTRAL MONOPOLE EXCITATION MOUNTED ON A 100 mm  40 mm
GROUND PLANE; W1 = 32 mm, W2 = 20 mm, H = 10 mm;
monopole radius = 0:45 mm, ring widths = 2:9 mm FOR LOWER AND
0.5 mm FOR UPPER, THE FORMER BEING 0.1 mm ABOVE THE GROUND AND
THE LATTER HAVING A CENTRAL 5 mm TUNING GAP
the block, realizing a tri-band antenna. The ground plane was
then extended to 40 100 mm to comply with typical handset
dimensions and by varying and , monopole length, posi-
tion, width and gap of the rings, the fourth UMTS band was
achieved, resulting in the realization of a quad-band material
loaded antenna. One final constraint was imposed on the sim-
ulation: the maintenance of the nulls in the radiation patterns
in line with the monopole axis. It was achieved by metallizing
the block face overlooking the ground plane, leaving a 0.1 mm
gap at the block base to electrically isolate the metallization and
lower ring from the ground plane itself. The finalized design is
illustrated in Fig. 5 and the tri-band and quad-band coverage
achieved at an level of 6 dB are shown in Fig. 6. With no
head present, the pattern cuts for the first three quad-bands in
Fig. 7(a) and (b) are predominantly dipole-like with well-posi-
tioned nulls for the head and hence low SAR operation.
The Bluetooth band pattern cuts resemble those of the UMTS
band and give smooth overall coverage. The scattering from the
head is far less than that experienced by other types of handset
antennas due to the presence of the positioned pattern nulls and
the pattern cuts Fig. 7(c) and (d) show less scattering interfer-
ence in the yx cut than the yz cut.
The quad-band antenna was modelled for two different cases
of losses: i) and ii) ,
, to check the antenna performance against mate-
rial variation. The results were satisfactory and in both cases the
four bands were covered by slight modifications to the and
values. The variation of the design parameters with losses as
well as a summary of the overall antenna performance is pre-
sented in Table II.
Other types of handset antennas such as the PIFA and me-
ander-line antennas [24] typically have radiation efficiencies of
60% that reduce to 20% with the head present, in which case
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10 g (W/kg) SAR values between 1 and 2 are encountered have
been measured for a head separation distance of 8 mm [25] and
[22, pp. 396–407]. The normalizing input power is not stated
in [25]. In contrast, the quad-band handset antenna offers a sig-
nificant reduction in SAR together with comparable radiation
efficiencies in the presence of the head. In addition, the ground
plane currents were minimized in the design process by viewing
them in the simulation stages and iterating the positions of the
various metallized rings and strips. Other ways of minimizing
the ground plane currents have been reported [22], [30] with
the common aim of creating a stand-alone plug-in antenna com-
ponent that is less sensitive to its environment. The same head
model was also simulated in the presence of a hand, 10 mm
away from the antenna. Compared to other types of antennas
[26] whose efficiency drops by 10% when 15 mm away from
the hand, it was found that the quad-band antenna is less sensi-
tive to the presence of the hand. The radiation efficiency reduces
by a maximum of 12% at 1800 MHz as seen in Table II.
C. Design Using Existing Materials
Hexagonal ferrites provide magnetic properties at microwave
and millimeter wave frequencies without need for an externally
applied magnetic biasing field [27]. Sample 1 of this present
paper was a hexagonal ferrite similar to that previously de-
scribed [28] but was designed for screening applications. The
material composition was , where is the
degree of substitution controlling the ferrimagnetic resonant
frequency and was set in the range 0.79 to 0.98. Adjustments to
the material composition can optimize the electrical parameters
for antenna applications and position the material resonance
to correspond to the operating bandwidth. The simulations in
this present paper assume that the material parameters are not
frequency dependent.
It has been demonstrated that periodically arranged com-
posite dielectric blocks having different permittivities can
create an averaging bulk effect [29]. This was seen as a pos-
sible way of synthesizing a desired bulk ferrite material effect
using slices of material that didn’t have the desired electrical
parameters but was available. A rectangular
composite material coated antenna with central dipole excita-
tion was comprised of lossless ferrite material (with a relative
permittivity of 1.2) in one third of the central volume while
the remaining two thirds were filled with lossless dielectric
material. Simulations of the configuration were optimized for
matched operation at 1800 MHz but the radiation efficiencies
and bandwidths were significantly out-performed by the usual
homogeneous arrangement as shown in Fig. 8.
Other simulations involving multiple thinner slices were also
investigated but consistently gave a lower antenna performance
compared to the homogeneous case. The mismatched wave in-
terface between the ferrite and dielectric materials is thought to
create additional reflections within the materials accompanied
by increased dissipation. It is concluded that a homogeneous
material is needed in this present antenna application.
A tri-band antenna design based on a material with prop-
erties approximating those of Sample 2 ( , ,
, , )
was simulated and is shown in Fig. 9.
Fig. 8. Simulated efficiency  and bandwidth BW of composite 30  30 
15 mm rectangular material coated antenna with central dipole excitation
compared to homogeneous material antenna, showing variation with relative
permittivity.
Fig. 9. Layout of simulated handset showing tri-band, reduced  , and
rectangular material coated antenna with central dipole excitation mounted on
100  40 mm ground plane. (W1 = 30 mm, W2 = 20 mm, H = 8 mm;
monopole radius = 0:45 mm and monopole height = 8 mm;
ring widths = 0:5 mm, the lower and the upper being 5 and 7 mm, respec-
tively, above the ground, both of them extending 6 mm along the side walls of
the block).
Fig. 10. Simulated S11 characteristic of handset antenna of Fig. 9.
The dimensions of the block have been altered, including a
useful reduction in block height H, and the antenna has been
redesigned to account for the reduced . The bands covered
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Fig. 11. Simulated radiation patterns of handset of Fig. 9. (a) yx plane without
head and (b) yz plane without head.
successfully at 6 dB are the GSM1800, 1900 and UMTS, as
shown in Fig. 10.
The corresponding efficiencies are 21%, 16%, and 12.5%.
Even though they are decreased compared to their quad-band
counterparts presented earlier, they are very encouraging con-
sidering that this design uses material designed for screening
purposes. The reduction of the material loss for antenna appli-
cations will require adjustment of the material composition and
processing. Note that the Bluetooth band was well matched but
the efficiency could not be increased above a few percent due to
the position of the rings.
The pattern cuts are shown in Fig. 11 and as for the quad-band
antenna they have smooth overall coverage whilst maintaining
the pattern nulls necessary for low SAR operation.
IV. DISCUSSION AND CONCLUSION
The advantages of coating a wire antenna with ferrite mate-
rial, as opposed to dielectric material alone, have been demon-
strated both theoretically and experimentally. It is established
that apart from higher radiation efficiency and bandwidth, this
material coating enables better control to be exerted over the
antenna fields when placed close to the handset ground plane,
and thus contributes to positioning an axial pattern null towards
the head and having a very low SAR. This is unlike PIFA and
meanderline antennas, which may have higher efficiencies in
free-space but are greatly affected by their local environment
and lead to reduced efficiencies and higher SAR values in the
presence of the head.
Developmental simulation work translated the aforemen-
tioned attributes into a quad-band handset antenna design,
which with a combined excellent band performance
with high efficiency and a very low SAR. A tri-band antenna
design was also developed to explore the antenna’s
potential with currently available ferrite material. Despite a
drop in efficiency, the antenna behaved very satisfactorily both
in terms of band coverage and SAR. It is concluded that the
specific development of ferrite material that is more suitable for
antenna applications, can lead to a commercially viable high
efficiency and low SAR multiband handset antenna.
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